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Recent progress in understanding the emergence of confinement and other nonperturbative effects in the strong
interaction vacuum is reviewed. Special emphasis is placed on the role of different types of collective infrared
gluonic degrees of freedom in this respect. After a survey of complementary approaches, models of the QCD
vacuum based on center vortices, Abelian magnetic monopoles and topological charge lumps such as instantons,
merons and calorons are examined. Both the physical mechanisms governing these models as well as recent lattice
studies of the respective degrees of freedom are reviewed.
1. INTRODUCTION
Strong interaction physics is characterized by
a range of nonperturbative phenomena. Quarks
and gluons are confined into color singlet hadrons.
Chiral symmetry is realized in the Goldstone
mode, which decisively influences low-energy
hadronic physics through the associated (quasi-)
Goldstone bosons, i.e., the pions. On the other
hand, the axial UA(1) part of the flavor symme-
try is broken by an anomaly which manifests itself
e.g. in the large mass of the corresponding flavor
singlet pseudoscalar η′ meson. This review is con-
cerned with recent progress in understanding the
QCD vacuum structure which leads to the emer-
gence of such phenomena. While the primary
emphasis is on confinement, also the other non-
perturbative effects highlighted above are taken
into account; a cogent picture of the QCD vac-
uum should provide a comprehensive explanation
of these phenomena on a unified footing, rather
than a collection of separate mechanisms.
This review particularly focuses on lattice stud-
ies of the role of different types of collective in-
frared gluonic degrees of freedom in generating
the above nonperturbative effects. A variety of
such degrees of freedom have been considered,
which can be roughly classified according to their
dimensionality in four-dimensional space-time:
• Center vortices: Two-dimensional world-
surfaces of quantized chromomagnetic flux.
• Abelian magnetic monopoles: One-
dimensional world-lines of sources and sinks
of chromomagnetic flux.
• Instantons, Merons, Calorons: Local-
ized (i.e., zero-dimensional) lumps of topo-
logical charge (for calorons, this classifica-
tion is not as clear-cut as for instantons and
merons, since calorons generically consist of
several distributed constituents).
In keeping with the review character of this con-
tribution, before proceeding with the discussion
of the aforementioned collective infrared degrees
of freedom, a survey of complementary recent
lattice investigations of confinement is in order.
The reader’s attention is also drawn to the re-
cent review article by Greensite [1], which the
present contribution has significant overlap with,
in particular as far as center vortices and Abelian
monopoles are concerned; [1] does not discuss the
topological charge lumps mentioned above, but
on the other hand delves more deeply into some
of the subjects which are only touched upon in
the following survey.
2. SURVEY OF RELATED WORK
The following are the pertinent lines of inves-
tigation on which there has been hep-lat archive
posting activity since the previous Lattice Sym-
posium (the author has made every effort to make
1
2this survey complete in that sense):
• Confinement in the Coulomb gauge:
Confining behavior of the gluon propaga-
tor in Coulomb gauge has been shown to
be linked to a remnant gauge symmetry
being realized; an order parameter associ-
ated with this symmetry was introduced
and studied [2]. The color Coulomb po-
tential induced by the Coulomb propagator,
which is an upper bound for the static po-
tential between color sources, is linear both
in the confined and the high-temperature
deconfined phase of SU(2) Yang-Mills the-
ory [2]. The Coulomb propagator, the ghost
form factor and the color Coulomb poten-
tial have moreover been investigated in [3].
• Confinement in the Landau gauge,
Kugo-Ojima confinement criterion:
Extensive studies of the gluon propagator,
the ghost propagator and the associated
running coupling have been performed in
the Landau gauge [4,5,6,7]. One of these
studies [4] in particular evaluated the Kugo-
Ojima confinement parameter, obtaining
the value -0.83. Another investigation [5]
focused on the effects of dynamical quarks,
finding a reduction of the infrared enhance-
ment of the gluon propagator. Evidence
for violation of reflection positivity in the
gluon propagator, interpreted as a mani-
festation of confinement, was reported in
a large-volume three-dimensional study [6].
The Landau gauge properties in an ensem-
ble generated by removing center projec-
tion vortices from the full SU(2) Yang-Mills
ensemble were also considered [7]. In this
case, the signatures of confinement in Lan-
dau gauge propagators disappear.
• Confinement in models with excep-
tional gauge groups: The study of con-
finement in models with exceptional gauge
groups is particularly interesting due to the
fact that some gauge groups exclude certain
confinement mechanisms because of their
internal topology. The confining G(2) the-
ory [8] has a trivial center and no center
vortices (G(2) is its own universal covering
group and its first homotopy group is triv-
ial, Π1[G(2)] = {0}). Moreover, by intro-
ducing an appropriate Higgs field, the G(2)
gauge symmetry can be “broken” to SU(3)
and the transition between exceptional and
ordinary confinement can be studied. Also
the Sp(2) and Sp(3) models have been con-
sidered [9]. In the case of Sp(2) in 2+1 di-
mensions, the Svetitsky-Yaffe conjecture is
applicable and confirmed numerically.
• SU(2) vs. SO(3) gauge groups: Com-
paring models with the SU(2) and the
SO(3) gauge groups is instructive, since
they obey the same algebra and only
differ in their center (the SO(3) gauge
group, despite its trivial center, neverthe-
less supports the equivalent of SU(2) cen-
ter vortices; the universal covering group of
SO(3) is SU(2), with the center Z(2), and
Π1[SU(2)/Z(2)] = Z(2)). The correspon-
dence between the two models was eluci-
dated in detail [10], where an analytic path
connecting SO(3) and SU(2) lattice gauge
theory at weak coupling was given. A re-
cent study [11] focused on the deconfine-
ment transition in a modified SO(3) model,
finding a correspondence of critical expo-
nents to the SU(2) theory; also Abelian
magnetic monopole condensation was con-
sidered in [11], and found to be correlated
with the presence of confinement.
• Higher representation Wilson loops:
An important characteristic of the Yang-
Mills vacuum, useful to constrain vacuum
models, is the behavior of higher representa-
tion Wilson loops. Direct evidence has been
presented that the spectrum of string ten-
sions in SU(3) Yang-Mills theory behaves
according to n-ality [12]. Also higher num-
bers of colors have been investigated [13],
finding k-string tensions lying between the
MQCD and Casimir scaling conjectures.
• Connecting short to long scales by
decimations: A representation of the
Yang-Mills partition function in terms of
3successive decimations has been derived
[14]. In this way, the short and long dis-
tance regimes of SU(N) lattice gauge the-
ory can be connected, with the aim of de-
riving exact statements about confinement.
• String breaking: Breaking of the adjoint
chromoelectric string at large distances has
been observed in 2+1-dimensional SU(2)
Yang-Mills theory without resorting to a
two-channel analysis [15], by exploiting a
noise reduction method of the Lu¨scher-
Weisz type [16] to measure Wilson loops.
Also fundamental string breaking in the
presence of dynamical quarks at finite tem-
peratures has been studied [17].
• String-like behavior of the chromo-
electric flux tube: Sparked by the in-
troduction of the Lu¨scher-Weisz noise re-
duction technique [16], which permits the
evaluation of Wilson loops with unprece-
dented accuracy, this has been the most ac-
tive of the lines of investigation surveyed
here. A number of high precision stud-
ies of the static quark-antiquark potential
have been undertaken [18,19,20,21,22,23,24]
in both 2+1 and 3+1 dimensions, using
SU(2), SU(3), Z(2) and compact U(1)
gauge groups. The aim of these studies
lies in extracting subleading contributions
to the potential, such as the Lu¨scher term,
in order to search for string-like behavior of
the chromoelectric flux tube. Bosonic string
characteristics are found. In addition, the
analogue of the Lu¨scher term in the bary-
onic case has been computed [25] in 2+1
dimensions.
3. COLLECTIVE INFRARED GLUONIC
DEGREES OF FREEDOM
The following questions are a useful guide in
considering the relevance of the different types of
infrared gluonic degrees of freedom which have
been studied:
• Can the degrees of freedom in ques-
tion generate the nonperturbative ef-
fects characterizing the strong inter-
action in the infrared? How? If a
particular set of degrees of freedom is to
faithfully represent the infrared structure of
the QCD vacuum, it should ideally supply
a comprehensive account of the effects in-
duced by that vacuum, rather than explain-
ing only particular aspects.
• Is it realistic to assume them to be
weakly coupled/correlated? Infrared
QCD vacuum structure can in principle be
expanded in any suitably complete set of de-
grees of freedom; a relevant set should sat-
isfy a more stringent criterion, namely that
it generate the nonperturbative phenomena
characterizing the strong interaction on the
basis of a weakly coupled dynamics. Strong
correlations between degrees of freedom in
a given set are a signature that they are
really combined into a different set of col-
lective degrees of freedom which more faith-
fully represent the QCD vacuum.
• How can they be studied in lattice
gauge theory and what are the results
of such studies? To further constrain the
description of vacuum structure, it is useful
to find ways of identifying different sets of
infrared gluonic degrees of freedom in lat-
tice gauge configurations and thus be able
to investigate their structure and relevance
directly in the full theory, complementing
model studies which have to rely on their
phenomenological results to justify the use
of a particular set of degrees of freedom.
3.1. Center vortices
In four-dimensional space-time, center vortices
are represented by closed two-dimensional world-
surfaces (with a transverse thickness related to
the QCD scale). Their flux is quantized; for
SU(N) color, there are N − 1 types of flux, char-
acterized by yielding one of the N − 1 different
nontrivial center elements of SU(N) when a Wil-
son loop encircling the vortex flux is evaluated.
The center vortex picture of the strong interac-
tion vacuum assumes the vortex world-surfaces
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Figure 1. Typical vortex configurations in the
confined and deconfined phases; one spatial coor-
dinate is kept fixed.
to be weakly correlated, random surfaces on in-
frared length scales.
3.1.1. Confinement
On this basis, both the confined and the decon-
fined phases can be understood; a particularly in-
tuitive picture is obtained by considering a slice
of the universe in which one of the spatial co-
ordinates is kept constant, cf. Fig. 1. At finite
temperatures, when the time direction of (Eu-
clidean) space-time becomes too short, the vor-
tices cannot fluctuate appreciably in the spatial
directions before closing on themselves by virtue
of the periodic boundary conditions. They extend
chiefly in the time and one space direction and
cease to percolate (in the sliced universe depicted
in Fig. 1). As will be seen presently, percolation
is a prerequisite for confinement. The deconfin-
ing transition can be understood as a percolation
transition induced by the change in entropy of
the random vortex surfaces as the time coordi-
nate is shortened. To elucidate the emergence
of confinement in a percolating vortex ensemble,
consider the following heuristic picture, cf. Fig. 2.
Given N random vortex piercings of a plane of
area L2, the probability that n of the piercings oc-
cur within an area A spanned by a Wilson loop is
binomial. Considering for definiteness the SU(2)
case, each piercing multiplicatively contributes a
center element factor −1 to the Wilson loop, i.e.,
for n piercings within the loop, it takes the value
(−1)n. Summing over all possibilities with the
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Figure 2. Confinement induced by random link-
ings of vortices with Wilson loops. A two-
dimensional plane of area L2 containing a Wilson
loop spanning an area A is pierced by vortices at
random locations.
proper binomial weight yields
〈W 〉 =
N∑
n=0
(−1)n
(
N
n
)(
A
L2
)n(
1−
A
L2
)N−n
=
(
1−
2ρA
N
)N
N→∞
−→ exp(−2ρA)
where L2 has been eliminated in favor of the pla-
nar density ρ = N/L2, and in the final step, the
limit of a large universe N → ∞ at constant ρ
is taken. Thus, one obtains an area law for the
Wilson loop, with the string tension determined
by the vortex density. The crucial assumption in
this argument is the independence of the piercing
points. This can only be accurate if the vortices
percolate as in the left panel of Fig. 1. In the
absence of percolation, there is an upper bound
on the size of a vortex cluster. As a consequence,
piercing points come in pairs less than this max-
imal size apart; if a vortex pierces a plane in
one direction, it must return to pierce it again
in the other direction, because it must ultimately
close. Evaluating the Wilson loop in complete
analogy to above, only with piercing point pairs
distributed on the plane, gives a perimeter law.
Note furthermore that adjoint Wilson loops yield
zero string tension, since they have unit value
even when encircling a single center vortex; the
center vortex picture yields the correct n-ality de-
pendence of string tensions by construction.
5Figure 3. Topological charge density on a
writhing, self-intersecting vortex surface. The
thin line is to guide the eye as to the location
of the geometrical center of the (thick) vortex;
this is a vortex loop (left) which is twisted un-
til it becomes a figure eight and self-intersects
(right). The scatter plot indicates locations where
the topological charge density exceeds a certain
threshold. In the center and right-hand figures,
the signature of the self-intersection is evident; on
the other hand, the kidney-shaped contributions
at the periphery originate from vortex writhe [26].
3.1.2. Topology
Topological charge density is generated by vor-
tex self-intersections and vortex writhe. In the
SU(2) case, self-intersections carry topological
charge ±1/2, whereas topological charge den-
sity due to writhe in general is distributed con-
tinuously along vortex surfaces. An instructive
example illustrating both types of contribution
was presented by F. Bruckmann and the au-
thor in [26], cf. Fig. 3. In the case of surfaces
made up of elementary squares on a hypercubic
lattice, contributions of writhe become discrete,
concentrated on lattice sites, with modulus less
than 1/2 at each site. In realistic vortex ensem-
bles, cf. section 3.1.3, the contributions of vortex
writhe to the topological charge are statistically
far more important than the ones due to vortex
self-intersections.
Globally, generic vortex world-surfaces are
nonorientable. If one attempts to rotate the as-
sociated field strength into an Abelian gauge,
then, as one orients the field, say, into the pos-
itive 3-direction in color space along the vortex,
one encounters frustrations where one is forced to
switch to the negative 3-direction. At the frustra-
tions, magnetic flux corresponding to an Abelian
monopole is supplied to or taken from the vor-
tex, cf. Fig. 4. Center vortex surfaces in Abelian
gauges thus naturally contain Abelian magnetic
Figure 4. Magnetic monopoles distributed along
vortices in Abelian gauges due to vortex nonori-
entability (from [27]).
monopoles. In fact, they are necessary to gener-
ate a global topological charge; on oriented vortex
surfaces, the local contributions to the topological
charge globally add up to zero [28].
The real physical difference to the dual super-
conductor picture, cf. section 3.2, thus does not
lie in the presence or absence of monopoles, but
in the form taken by the field strength emanat-
ing from those monopoles. In the dual supercon-
ductor picture, a monopole is assumed to gen-
erate a radial magnetic Coulomb field, whereas
in the vortex picture, the field strength is con-
stricted into center vortex fluxes. Of course, in
the latter picture, the vortices are taken to be
the primary degrees of freedom, and the behavior
of the monopoles on the vortices is seen as a con-
sequence of the primary vortex dynamics. In the
dual superconductor, the monopoles are assumed
to be the primary degrees of freedom.
3.1.3. Dynamics – the random vortex
world-surface model
As discussed further above, it is important to
test whether a particular set of infrared collective
gluonic degrees of freedom can indeed generate
the main features of the strong interaction vac-
uum on the basis of a weakly coupled dynamics.
To this end, a random vortex world-surface model
has been introduced and studied [29,30,31,32,33].
In this model, the vortex surfaces are composed of
elementary squares on a hypercubic lattice. The
spacing of this lattice is a fixed physical quan-
tity interpreted as mimicking the effects of the fi-
nite vortex thickness; parallel thick vortices can-
not be distinguished anymore if they approach
each other more closely than their radius, which
turns out to be roughly 0.4 fm (the scale is ul-
6timately set by the zero-temperature string ten-
sion). The lattice spacing at the same time pro-
vides the fixed ultraviolet cutoff characteristic of
any infrared effective model. The random vor-
tex surface ensemble is generated by Monte Carlo
methods, weighted by an action which controls
vortex curvature at short distances. On long dis-
tance scales, the vortex surfaces are thus random
and uncorrelated.
On the basis of these assumptions, the random
vortex world-surface model reproduces both the
confined and the deconfined phases of Yang-Mills
theory, for SU(2) color [29] as well as SU(3) color
[32], in accordance with the heuristics presented
further above. The only dimensionless parameter
of the model, namely the coupling strength in the
curvature action, is fixed by fitting the ratio of the
deconfinement temperature to the (square root
of the) zero-temperature string tension obtained
in the corresponding Yang-Mills theory. The
model correctly predicts a second order decon-
finement phase transition for SU(2) color and a
very weakly first order transition for SU(3) color.
Also the behavior of the spatial string tension in
the deconfined phase is described correctly. For
SU(3) color, baryonic static quark configurations
obey a Y area law [33]. Beyond the confinement
properties, also the SU(2) topological susceptibil-
ity predicted by the model agrees quantitatively
with the one obtained in Yang-Mills theory [30],
and chiral symmetry is broken spontaneously in
the confined phase, with a natural value for the
(quenched) chiral condensate [31].
3.1.4. Vortex detection in lattice gauge
configurations
To study vortex physics in full lattice gauge
theory, it is necessary to devise methods to de-
tect and isolate vortices in lattice gauge configu-
rations. Two main approaches have been studied
in this respect. One approach relies on gauges of
the maximal center type [34], such as defined by
the gauge condition (in the case of SU(2) color)
max
∑
i |tr Ui|
2
, where the Ui are the link vari-
ables and the maximization is carried out over all
gauge transformations thereof. The gauge is thus
chosen such as to concentrate the link variables
near the center elements of the gauge group. In
a second step, center projection, U → sign tr U ,
residual deviations away from those center ele-
ments are discarded, yielding a Z(2) gauge con-
figuration, which is associated with vortex world-
surfaces on the dual lattice in canonical fash-
ion (negative plaquettes in the Z(2) configuration
are pierced by vortices). Using this two step-
procedure, one aims to concentrate as much of
the relevant physical information on the collec-
tive center vortex degrees of freedom as possible.
After the introduction of maximal center
gauges, it was noted that string tensions mea-
sured in the projected vortex ensemble depend
substantially on the selection of Gribov copies
when fixing the gauge [35]. The precise gauge
fixing and projection procedure needs to be se-
lected carefully in order to ensure that the re-
sulting projection vortex ensemble captures the
main infrared physics. While the situation in the
case of SU(3) color is still unclear [36], for SU(2)
color, a quite successful procedure can be con-
structed, which in fact turns out to be a hybrid
[37] of maximal center gauge fixing and the sec-
ond major method of detecting vortices, namely
the Laplacian center gauge.
The Laplacian center gauge [38] is free of Gri-
bov copy selection issues. It is defined via eigen-
vectors of the lattice adjoint Laplacian opera-
tor. Two such eigenvectors are chosen, usu-
ally the ones with the lowest eigenvalues; vor-
tices are located on the two-dimensional submani-
folds of space-time where the eigenvectors become
collinear in color space. In addition, Abelian
monopoles are located on the lines where the
eigenvector corresponding to the lowest eigen-
value vanishes. Thus, by construction, the
monopoles are located on the vortex surfaces in
this approach.
Ultimately, it would be desirable to devise
a gauge-invariant vortex detection method. In
principle, the desired information is contained in
the Wilson loops evaluated in a given gauge con-
figuration; in practice, extracting vortices from
them is a difficult pattern recognition problem,
especially since the density of thick vortices in the
Yang-Mills vacuum is such that the vortices over-
lap considerably; for a recent investigation which
touches upon this issue, cf. [39].
73.1.5. Results of lattice studies
Based on the vortex detection procedures de-
scribed above, a number of vortex properties have
been investigated. They include (the following
are results for SU(2) color, except where other-
wise indicated):
• Center dominance of the string ten-
sion: Extracting the vortex content of lat-
tice configurations and measuring Wilson
loops in the resulting vortex ensemble, one
recovers the full Yang-Mills string tension
[37,40]. As mentioned above, when using
the maximal center gauge, one must be ju-
dicious in dealing with the Gribov problem.
• Vortex-limited Wilson loops: Having
identified the vortex content of the Yang-
Mills ensemble, one can select subensem-
bles in which a large region of a given lat-
tice plane is not pierced by a center projec-
tion vortex or in which this region is pierced
by exactly one vortex. Evaluating a Wilson
loop in the aforementioned region using the
full Yang-Mills configurations contained in
either subensemble, and taking the ratio of
the values obtained, one ends up with a ra-
tio approaching −1 as the Wilson loop be-
comes large [37]. This indicates that the
thin center projection vortex indeed repre-
sents the location of a thick center flux in
the full Yang-Mills configuration; when the
Wilson loop becomes sufficiently large, it
encompasses the full flux, yielding the ap-
propriate center phase. Effects of other fluc-
tuations around this center flux are largely
canceled in the ratio.
• Vortex removal also removes all non-
perturbative effects: Center projection
yields a Z(2) lattice configuration with non-
trivial center phases on selected links. Re-
moving those center phases from the links
of the full Yang-Mills configuration defines
the vortex-removed configuration. In the
vortex-removed ensemble, the string ten-
sion and the chiral condensate vanish, and
all configurations are in the topological
charge zero sector [41].
• Deconfinement transition as a perco-
lation transition: At finite temperatures,
the center projected vortex ensemble repro-
duces the deconfinement phase transition,
at which it displays a percolation transition
in accordance with the heuristics given fur-
ther above [42,43].
• Roughening: The center projection vor-
tex density is suppressed within the chro-
moelectric flux tube between static sources,
and can be used as a measure of the width
of that flux tube. Varying the distance be-
tween the static sources, evidence of rough-
ening is obtained [44,45].
• Maximal Abelian gauge monopoles on
vortices: While in the Laplacian center
gauge, monopoles are located on vortices by
construction, one also finds empirically that
maximal Abelian gauge monopoles are lo-
cated on maximal center gauge vortices [27,
46]. Moreover, the action in the monopole
region is not distributed isotropically, but is
collimated in the directions of the vortex.
• Topological susceptibility: The center-
projected vortex ensemble generates a topo-
logical susceptibility compatible with the
one obtained in full Yang-Mills theory [47].
• Vortices and Higgs fields: Extracting
center projection vortices from an SU(2)-
Higgs ensemble, no vortex percolation is ob-
served in the Higgs (screening) phase [48].
• SU(3): Generalizing to SU(3) color, cen-
ter dominance of the string tension is again
observed for the center vortices extracted
via the Laplacian center gauge [40]; signifi-
cant deviations from center dominance have
been reported when gauges of the maximal
center type are used [36], presumably due
to the Gribov problems already observed in
the SU(2) case.
3.2. The dual superconductor
Abelian magnetic monopoles are quantized
sources and sinks of Abelian magnetic flux. To
be definite, one can select a U(1)N−1 subgroup
8of SU(N) Yang-Mills theory by fixing the color
direction of covariantly transforming quantity of
one’s choosing; monopoles are sources and sinks
of flux with respect to that U(1)N−1. The ensem-
ble of monopole world-lines in space-time can be
cast in terms of a field theory.
3.2.1. Confinement
Motivated by the Ginzburg-Landau description
of type-II superconductors, in which magnetic
flux is constricted into flux tubes, in the dual su-
perconductor picture one formulates a dual rel-
ativistic analogue, in which chromoelectric flux
is constricted, thus generating confinement. The
role of the (electrically charged) Cooper pairs
is taken over by Abelian magnetic monopoles.
The corresponding Ginzburg-Landau Lagrangean
is the one of the dual Abelian Higgs model,
L=
1
4
GµνG
µν + |(∂µ + igCµ)φ|
2 +
λ
4
(φφ∗ − v2)2
Here, φ describes the monopole field, and Cµ
is a dual U(1)N−1 gauge field inducing a dual
field strength Gµν . This theory contains Nielsen-
Olesen vortex solutions of chromoelectric flux
if the monopoles are condensed, i.e., if the
monopole world-lines percolate; thus, a confin-
ing potential between static quarks is induced.
When monopoles are not condensed, chromoelec-
tric sources are deconfined; both the confined and
the deconfined phases can therefore be described
in a model based on Abelian magnetic monopoles.
However, due to the Abelian character of the
description, adjoint SU(N) sources, which are
doubly charged with respect to the U(1)N−1
gauge group of the effective model, are also con-
fined. One does not obtain the correct n-ality
dependence of string tensions in the dual super-
conductor picture. As will be discussed in greater
detail below, the crucial truncation leading to
this behavior lies in neglecting the off-diagonal
gluon degrees of freedom present in the under-
lying Yang-Mills theory. This is often justified
with the argument that these fields acquire a
mass and should therefore decouple. This ap-
pears to be fallacious, and to restore the effect of
the off-diagonal gluons in the dual superconduc-
tor, one needs to add a coupling to charge-2 mat-
ter fields. These, indeed, screen adjoint SU(N)
sources, restoring the correct n-ality dependence
of string tensions.
3.2.2. Topological charge
Topological charge implies the presence of mag-
netic monopoles, as is apparent from the following
observations:
• Only non-oriented vortices (i.e., ones con-
taining monopoles) carry global topological
charge.
• Instantons in Abelian gauges exhibit
monopoles (and vortices).
• Calorons generically consist of monopole
constituents.
However, conversely, monopole positions in gen-
eral are not enough to specify topological charge;
one needs to specify the magnetic field strength
emanating from the monopoles (except in special
gauges, such as the Polyakov gauge). One partic-
ular such specification indeed generates the cor-
rect topological susceptibility, namely collimat-
ing the magnetic flux into vortices, as embodied
in the random vortex world-surface model [30].
Associating the monopoles with radial magnetic
Coulomb fields likewise yields topological charge;
in an application to the monopoles extracted from
lattice Yang-Mills configurations, cf. below, re-
covery of 70% of the topological charge present
in the full configurations was reported [49].
3.2.3. Monopole detection in lattice config-
urations
In principle, monopoles can be defined by find-
ing the eigenvalues in color space of a covari-
antly transforming quantity of one’s choosing
(monopoles being located where two eigenval-
ues are degenerate); in practice, the maximal
Abelian gauge [50], defined by the gauge condi-
tion max
∑
i tr
(
Uiσ
3U †i σ
3
)
, which renders the
gauge fields as diagonal as possible, is used to de-
termine the monopole content of a (SU(2)) lat-
tice gauge configuration. This gauge leaves a
residual U(1) gauge symmetry under which the
diagonal part of the gauge field transforms as
a photon, whereas the off-diagonal fields trans-
form as charge-2 matter fields. In a second step,
9Abelian projection, residual off-diagonal parts in
the gauge field are discarded and the diagonal
fields are rescaled such as to preserve unitarity
of the link variables. Monopole positions can
be identified by searching for Dirac string fluxes
leaving elementary lattice cubes. Beyond Abelian
projection, one can furthermore define monopole
projection, in which only the information on the
monopole positions is kept and new configura-
tions are constructed in which magnetic Coulomb
fields are associated with the monopoles [51,52].
This corresponds most closely to the dual su-
perconductor picture. It should be emphasized
that, in contrast to monopole projection, Abelian
projection introduces no a priori constraint on
the form of the Abelian fields; the form of these
fields is still determined by the dynamics and they
could, e.g., be vortices. Indeed, being generated
using the full Yang-Mills dynamics, the gauge
fields in the Abelian projected configurations con-
tain the effects of the off-diagonal gluon dynam-
ics. By contrast, in monopole projection, merely
the monopole positions still contain the effects
of the full dynamics, whereas the field strength
emanating from the monopoles is Coulombic by
construction.
Before continuing with the discussion of lat-
tice results obtained in practice using these pro-
jected configurations, it should be noted that also
further conceptual refinements have been pro-
posed recently regarding the consistent definition
of electric and magnetic currents in the Abelian
projection framework [53].
3.2.4. Results of lattice studies
A variety of issues have been investigated based
on the Abelian and monopole projection tech-
niques discussed above. They include:
• Abelian dominance: Evaluating Wilson
loops using Abelian projected configura-
tions yields (92± 4)% of the full fundamen-
tal string tension [54,55]. Adjoint sources
are not confined.
• Monopole dominance: Using monopole
projected configurations to compute Wilson
loops, one recovers 87% of the full funda-
mental string tension [51,52]. However, ad-
joint sources are confined [27].
• Percolation properties: While the
world-lines of maximal Abelian gauge
monopoles percolate in the confined phase,
they cease to percolate in the deconfined
phase, both in the quenched case and in the
case of two dynamical quark flavors [56].
• Flux tube properties: Examining the
structure of the monopole and photon fields
in the region of the chromoelectric flux tube
between static color sources, the param-
eters of the corresponding Nielsen-Olesen
vortex solution of the dual Abelian Higgs
model can be identified. This has been
investigated both for the quenched case
[57,58,59,60] and for the case of two dynam-
ical quark flavors [60]. No roughening is re-
ported.
• Baryonic configurations: The potential
of baryonic static quark configurations eval-
uated using the Abelian projected ensemble
obeys a Y law [56].
• Fundamental string breaking: Funda-
mental string breaking at large distances
between static quark sources in the pres-
ence of two flavors of dynamical quarks has
been observed using Abelian projected con-
figurations [61].
• Monopole action and entropy: The ef-
fective action, world-line length distribution
and entropy have been extracted for maxi-
mal Abelian gauge monopoles [62].
• Magnetic disorder parameter: A mag-
netic disorder parameter has been defined in
order to study magnetic monopole conden-
sation, in particular its relation to the de-
confining phase transition [63,64,65,66,67,
68].
• Adjoint string breaking: The dual su-
perconductor incorrectly confines adjoint
color sources. This can be remedied by
coupling the dual Abelian Higgs model to
charge-2 matter fields, which screen adjoint
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sources [69]. Such a coupling is indeed nat-
ural, since the underlying Yang-Mills the-
ory contains off-diagonal gluon fields, which
transform as charge-2 matter fields in the
maximal Abelian gauge. The importance
of this coupling has also been corroborated
by the observation that the charge-2 matter
fields provide an essential part of the total
action in Abelian projected lattice Yang-
Mills theory [70]. However, pursuing this
train of thought further, the dynamics of
the charge-2 matter fields have the addi-
tional effect that monopoles are arranged
into chain-like structures [71], which can
be identified as vortices [1]. Thus, restor-
ing the correct n-ality dependence of string
tensions in the dual superconductor model
by introducing charge-2 matter fields ul-
timately guides one towards adopting the
vortex picture.
• Monopole world-line correlations: The
world-lines of maximal Abelian gauge
monopoles are not random walks on in-
frared scales, but exhibit long-range correla-
tions characteristic of the monopoles being
associated with two-dimensional surfaces in
space-time [72]. This observation is con-
sistent with the fact that maximal Abelian
gauge monopoles are located on center vor-
tex world-surfaces, the dynamics of which
determine monopole behavior.
3.3. Topological charge lumps
3.3.1. Merons
A (SU(2) color) meron located at the space-
time origin can be described by the gauge field
aµ(x) =
ηaµνxν
x2 + ρ2
σa
2
with the ’t Hooft symbol ηaµν . For width pa-
rameter ρ = 0, this is a (albeit singular) solution
of the classical Yang-Mills equations of motion.
Merons carry topological charge ±1/2; since their
field strength behaves as 1/x2 at large distances
x, the action of a single meron is logarithmically
divergent. However, one can construct a meron
gas with finite action density if the meron color
orientations are suitably correlated [73]. Using
the ansatz
Aµ(x) =
M∑
i=1
hiaµ(x− zi)h
−1
i
for a configuration of M merons at positions zi,
where the hi are color rotation matrices, one can
define a meron ensemble by summing over all zi
and hi weighted with the Yang-Mills action. In
practice, the ensemble is created via Monte Carlo
methods; note that the update is non-local, since
any given meron interacts with all other merons.
This model induces nontrivial color correlations
between the merons, which result in a confin-
ing linear potential between static quarks. Using
the string tension to fix the scale, one simulta-
neously finds a topological susceptibility which
agrees quantitatively with the one obtained in
SU(2) Yang-Mills theory. It would be interesting
to further investigate the correlations between the
merons, in particular with a view to understand-
ing whether higher-dimensional collective excita-
tions are induced by the dynamics of the model.
3.3.2. Instantons
Instantons are regular solutions of the classical
Yang-Mills equations of motion which are local-
ized in space-time and carry topological charge
±1. They are the basis for the highly successful
instanton liquid model of the strong interaction
vacuum, which describes the UA(1) anomaly, the
spontaneous breaking of chiral symmetry, and a
wealth of hadron phenomenology associated with
those effects, cf. the review [74]. However, there
is no confinement in the instanton liquid model.
A detailed discussion of methods used for de-
tecting instantons in lattice gauge configurations
constitutes a separate topic which lies beyond the
scope of this review. Tests of the instanton pic-
ture within the framework of lattice gauge theory
have revealed the following results [75]:
• The procedure of cooling lattice configu-
rations can be used as a filter to retain
only classical solutions, i.e., instantons. Us-
ing cooled configurations to evaluate light
hadron correlators, one obtains essentially
the same light hadron phenomenology as
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when using the full lattice configurations.
On the other hand, confinement disappears.
• There are correlations between the posi-
tions of low virtuality quark modes in the
full configurations and the positions of in-
stantons in the cooled configurations.
• Low virtuality quark modes dominate light
hadron physics. Truncating the spectrum
of the Dirac operator in the lattice gauge
ensemble to include only these modes ap-
proximates hadronic correlators well.
These findings suggest viewing the low virtual-
ity quark modes dominating light hadron phe-
nomenology as being generated by instantons in
the strong interaction vacuum. Indeed, an iso-
lated instanton gives rise to a zero mode of the
Dirac operator, and an ensemble of not com-
pletely isolated instantons therefore generates a
band of near-zero modes (thus inducing the spon-
taneous breaking of chiral symmetry via the
Casher-Banks relation). On the other hand, it
is just as consistent with the above observations
that a different class of topological charge lumps
induces the low virtuality quark modes, and that
replacing these by modes generated by instantons
represents only a mild (and very useful) idealiza-
tion. Note that, even if such a different class of
topological charge lumps is present in the full lat-
tice configurations, it will be reduced to instan-
tons under cooling, since the latter are minima of
the Yang-Mills action. The fact that the instan-
tons in the cooled lattice configurations faithfully
reproduce only partial aspects of the strong in-
teraction vacuum, namely the correct ensemble
of low virtuality quark modes, but not confine-
ment, points toward the relevant degrees of free-
dom carrying topological charge in that vacuum
being different from instantons.
Motivated by the strongly correlated confin-
ing meron model described in the previous sec-
tion, a completely analogous strongly correlated
instanton model has been investigated very re-
cently [76]. This model indeed also produces
confinement of fundamental color sources, and,
moreover, does not confine adjoint color sources
[77]. Again, it would be interesting to further
investigate the correlations between the instan-
tons, especially whether higher-dimensional col-
lective excitations are induced by the dynamics of
the model. Also modifications of instanton liquid
phenomenology by the color correlations present
in this model need to be investigated.
3.3.3. Calorons
Calorons are solutions of the classical Yang-
Mills equations of motion on space-times with
compact directions, such as the ones used to
describe finite temperatures; they carry quanta
of topological charge. Calorons display striking
space-time properties, generically consisting of
monopole constituents, where it should be em-
phasized that these monopoles are defined in a
fully gauge-invariant fashion [78,79]. No gauge
fixing procedure is necessary to identify the con-
stituents in the caloron solutions. It seems tempt-
ing to speculate that these monopoles may be as-
sociated with confinement in a caloron ensemble.
Calorons and their monopole substructure have
recently been detected in lattice gauge configura-
tions via cooling methods [80] as well as via asso-
ciated quark zero modes [81,82,83]. The observa-
tions in these studies suggest that the topological
charge distribution in the QCD vacuum is more
fragmented and structured than in an ensemble of
uncorrelated instanton-like lumps. This is corrob-
orated by investigations which indicate the pres-
ence of a long-range low-dimensional topological
charge structure in the QCD vacuum [84].
4. SYNOPSIS
Of the collective infrared gluonic degrees of
freedom considered, center vortices are the only
ones for which a weakly coupled model has been
been formulated which reproduces the main non-
perturbative features of the strong interaction
vacuum. This supports the notion that center
vortices are the actual relevant degrees of free-
dom in the infrared sector. Going from the vor-
tex picture to the dual superconductor picture
and to weakly coupled models based on topologi-
cal charge lumps, an increasing level of trunca-
tion of the degrees of freedom and the associ-
ated nonperturbative physics is introduced. Con-
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versely, if one wishes to nevertheless describe
the full spectrum of nonperturbative effects using
Abelian monopoles or topological charge lumps,
one is forced to formulate models with progres-
sively stronger correlations to recover all the rel-
evant physics. This is a signature that those de-
grees of freedom are really combined into other
collective degrees of freedom which more accu-
rately characterize the strong interaction vacuum.
Nevertheless, if one wishes to focus on a particular
type of nonperturbative effect, the more strongly
truncated models can be very useful; this is best
evidenced by the wealth of phenomenological re-
sults obtained in the instanton liquid model, un-
paralleled by any of the other approaches, despite
the absence of confinement in this model.
In detail, recent work has led to a convergence
of the vortex and the dual superconductor pic-
tures. Both contain Abelian monopoles; however,
in the vortex picture, they are a secondary con-
sequence of the nonorientability of vortex world-
surfaces and their behavior is determined by the
primary vortex dynamics. As a case in point,
monopoles inherit the percolation properties of
the vortex surfaces on which they are located; the
deconfinement transition can be equally detected
as a percolation transition in the monopole world-
lines or the vortex world-surfaces. Going from
the vortex picture to the dual superconductor pic-
ture, one introduces two truncations. On the one
hand, the field strength sourced at the monopoles
is assumed to take a radial Coulomb form instead
of being constricted into vortex fluxes; on the
other hand, monopole world-lines are assumed to
behave as random walks in space-time instead of
displaying correlations characteristic for them be-
ing located on two-dimensional random surfaces.
The former truncation in particular leads to the
loss of the correct n-ality dependence of string
tensions; not only fundamental color sources, but
also adjoint ones are confined in the dual su-
perconductor. Moreover, lattice studies have in-
deed shown that monopole world-lines do not be-
have as random walks, but do display correlations
characteristic of them being located on vortex
surfaces [72]. To remedy these truncations, one
either has to revert to the vortex picture or, which
is presumably equivalent, resort to more com-
plicated models of Abelian monopoles coupled
to charge-2 matter fields (which are descendants
of the off-diagonal gluons in Yang-Mills theory).
This coupling, which is discarded in the standard
dual superconductor scenario, is evidently instru-
mental in constricting chromomagnetic flux into
vortices, thus inducing the correct n-ality depen-
dence of string tensions [71,1].
The connection between the vortex picture and
models based on topological charge lumps is not
yet understood in quite as much detail. Center
vortices contain topological charge lumps induced
by vortex writhe and vortex self-intersections,
cf. Fig. 3. It seems plausible that the physics
controlled by this topological density can be well
described by models based directly on topolog-
ical charge lumps; indeed, the instanton liquid
model is very successful in describing the effects
of spontaneous chiral symmetry breaking and the
axial UA(1) anomaly. Nevertheless, by formulat-
ing weakly coupled models of this type, which,
e.g., do not include any correlations character-
istic of the topological charge being located on,
and induced by, vortices, one is evidently trun-
cating relevant physics; confinement is lost. Ac-
cordingly, evidence from lattice studies is mount-
ing that the topological charge distribution in
the QCD vacuum is indeed more fragmented and
structured than suggested by a picture of uncor-
related instanton-like lumps [83,84]; topological
charge must be organized into higher-dimensional
long-range collective degrees of freedom to recover
the full physics. This is also indicated by the
recent construction of strongly correlated meron
and instanton models which do display confine-
ment [73,76]. However, the precise nature of these
correlations and the collective degrees of freedom
induced by them remains to be studied in more
detail; the aforementioned new meron and instan-
ton models may turn out to be very valuable lab-
oratories in this respect. They indicate that, in
particular, the color orientations of topological
charge lumps must be properly aligned.
Finally, the intriguing cross-connection be-
tween calorons and monopoles should be noted;
calorons are not unstructured lumps of topolog-
ical charge, but generically consist of monopole
constituents, where it should be emphasized that
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these monopoles are defined in a gauge-invariant
manner, as opposed to the maximal Abelian
gauge monopoles the dual superconductor sce-
nario usually refers to. Nevertheless, this con-
nection suggests that confinement in the caloron
picture may possibly be generated through these
monopole constituents. It would also be inter-
esting to understand in detail whether, and how,
vortex flux may enter the caloron picture.
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